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A B S T R A C T
Background: Na+/Ca2+ exchanger blockade has been reported to be anti-arrhythmic in different models.
The effects of KB-R7943, a Na+/Ca2+ exchanger blocker, on arrhythmogenesis in hearts with chronic
myocardial infarction (MI) remain unclear.
Methods: Dual voltage and intracellular Ca2+ (Cai) optical mapping was performed in nine rabbit hearts
with chronic MI and four control hearts. Electrophysiology studies including inducibility of ventricular
tachyarrhythmias, ventricular ﬁbrillation dominant frequency, action potential, Cai alternans, Cai decay,
and conduction velocity were performed. The same protocol was repeated in the presence of KB-R7943
(0.5, 1, and 5 mM) after the baseline studies.
Results: KB-R7943 was effective in suppressing afterdepolarizations and spontaneous ventricular
tachyarrhythmias in hearts with chronic MI. Surprisingly, KB-R7943 increased the inducibility of
ventricular tachyarrhythmias in a dose-dependent manner (11%, 11%, 22%, and 56% at baseline and with
0.5, 1, and 5 mM KB-R7943, respectively, p = 0.02). Optical mapping analysis revealed that the underlying
mechanisms of the induced ventricular tachyarrhythmias were probably spatially discordant alternans
with wave breaks and rotors. Further analysis showed that KB-R7943 signiﬁcantly enhanced both action
potential (p = 0.033) and Cai (p = 0.001) alternans, prolonged Cai decay (tau value) in a dose-dependent
manner (p = 0.004), and caused heterogeneous conduction delay especially at peri-infarct zones during
rapid burst pacing. In contrast, KB-R7943 had insigniﬁcant effects in control hearts.
Conclusions: In this chronic MI rabbit model, KB-R7943 has contrasting effects on arrhythmogenesis,
suppressing afterdepolarizations and spontaneous ventricular tachyarrhythmias, but enhancing the
inducibility of tachyarrhythmias. The mechanism is probably the enhanced spatially discordant
alternans because of prolonged Cai decay and heterogeneous conduction delay.
 2014 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.
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Heart failure (HF) is the ultimate consequence of many
cardiovascular diseases, including myocardial infarction (MI)
and ischemia [1,2]. The most common cause of mortality in
patients with coronary artery disease is sudden cardiac death due
to ventricular arrhythmia [2]. During the past decades, accumu-
lating evidence has indicated that altered intracellular calcium
(Cai) homeostasis is involved in the mechanisms of ventricular* Corresponding author at: 199 Tung Hwa North Road, Chang Gung Memorial
Hospital, Taipei 10591, Taiwan. Tel.: +886 3 3281200x8115; fax: +886 3 3289134.
E-mail address: 2867@adm.cgmh.org.tw (C.-C. Chou).
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0914-5087/ 2014 Japanese College of Cardiology. Published by Elsevier Ltd. All rightsarrhythmias [3]. Previous studies have shown that cardiomyocytes
from hearts with MI have reduced contractility and reduced
calcium transients [4]. The underlying mechanisms leading to this
impaired Cai handling include altered Na
+–Ca2+ exchanger (NCX)
function, sarcoplasmic reticulum calcium ATPase (SERCA), L-type
Ca2+ channels, and ryanodine receptors (RyR2) [3,4]. Reduced
SERCA expression causes slower sarcoplasmic reticulum Ca2+
reuptake [3], and upregulation of NCX activity and expression in
failing myocardium is thought to be a compensatory mechanism
for the altered Cai handling [5]. Abnormal Cai handling is also
thought to be associated with triggered activities and ventricular
arrhythmias in patients with HF. Moreover, NCX has been
investigated as a possible target for anti-arrhythmia pharmaco-
logical therapy in patients with HF. reserved.
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preconditioning during myocardial ischemia and reperfusion
injury. It has been shown to reduce enzyme release and reduce
infarct size following MI [6] and has also been shown to decrease
reperfusion-induced and ouabain-induced arrhythmias [7–10].
However, the effects of NCX blockade on arrhythmogenesis in
chronic MI are not well understood. KB-R7943, a NCX blocker, has
been reported to suppress cardiac arrhythmogenesis. In this study,
we created a chronic MI rabbit model and evaluated the effects of
KB-R7943 on arrhythmogenesis using dual optical mapping. We
focused on the relationship between arrhythmogenesis and
calcium dynamics.
Materials and methods
The research protocol was approved by the Institutional Animal
Care and Use Committee of Chang Gung Memorial Hospital and
conformed to the American Heart Association Guidelines. Sixteen
adult New Zealand white rabbits (2.6–3.5 kg) were used in this
study.
Chronic myocardial infarction model creation
We successfully induced chronic MI using a modiﬁcation of our
previously published protocol [11,12]. In brief, the rabbits were
anesthetized with 2–3% isoﬂurane with endotracheal intubation
after being given intramuscular ketamine (35 mg/kg) and xylazine
(5 mg/kg). An obtuse marginal branch of the left circumﬂex artery
was ligated to create MI. Limb lead electrocardiography was
continuously monitored. MI was documented by signiﬁcant
ST-segment elevation on electrocardiography, purple-red discol-
oration and decreased wall motion. The wound was closed and the
rabbits received a subcutaneous injection of ketorolac (3 mg/kg)
for the wound pain. No anti-arrhythmic drugs were used at any
time during and after the procedure. Control rabbits were subject
to optical mapping without MI creation.
Optical mapping of the isolated rabbit hearts
A second surgery was performed in 9 rabbits 28–30 days after
MI. The hearts were rapidly harvested under general anesthesia
(intravenous injection with 10 mg/kg ketamine and 5 mg/kg
xylazine) and Langendorff-perfused with 37 8C Tyrode’s solution
of the following composition: 125 mM NaCl, 4.5 mM KCl, 0.25 mM
MgCl2, 24 mM NaHCO3, 1.8 mM NaH2PO4, 1.8 mM CaCl2, 5.5 mM
glucose, and 50 mg/L albumin, equilibrated with 95% O2 and 5%
CO2 in de-ionized water, pH 7.4 with HCl.
The hearts were stained with Rhod-2-AM (Molecular Probes,
Carlsbad, CA, USA) for Cai and RH237 (Molecular Probes) for
membrane potential (Vm). We used laser light at a wavelength of
532 nm (Millennia, Spectra-Physics Inc., Santa Clara, CA, USA) to
excite the ﬂuorescence dye. The ﬂuorescence was acquired and
was further ﬁltered (715 mm for Vm and 580 nm for Cai) and
recorded simultaneously with two cameras (CA-D1-0128T, Dalsa
Inc., Waterloo, Ontario, Canada) at 4 ms/frame temporal resolution
and 128  128 pixels with a spatial resolution of 0.2 mm  0.2 mm
per pixel. Motion artifacts were suppressed by 5 mM of cytochala-
sin D (Sigma Inc., St. Louis, MO, USA).
Experimental protocol
Pseudo-electrocardiography (pECG) was monitored using two
electrodes placed at the left atrium and the right ventricle. An
endocardial pacing catheter was used to pace the right ventricle
with an output of 2-ms duration and twice the diastolic
threshold. Ventricular tachyarrhythmia inducibility was testedwith an extra-stimulus protocol: an 8-beat S1 train with a cycle
length of 350 or 400 ms followed by a S2 (starting at 300 ms with
20-ms steps to the ventricular effective refractory period). Action
potential duration (APD) and Cai alternans images were acquired
after at least 20 stimuli at a constant pacing cycle length of 200 ms.
Ventricular ﬁbrillation (VF) was induced with the shortest 1:1
capture cycle lengths or 30-ms burst pacing. Five images (4 s per
image) were obtained consecutively and used for dominant
frequency (DF) analysis. After the baseline studies, KB-R7943
was administered incrementally (0.5, 1.0, and 5.0 mM) and the
experimental protocol was repeated.
Infarct size measurement
We followed a published protocol to measure infarct size [13].
The hearts were cut horizontally into ﬁve sections and immersed
into triphenyltetrazolium chloride solution for 1 h. The surviving
myocardium was stained brick red while the infarcted tissue
remained unstained (white). The areas of infarct (white) and
normal zones (brick red) of four cross-sections were calculated,
and the percentage of MI was estimated by the ratio between the
white area and the total area of the left ventricle.
Data analysis
A ventricular premature beat (VPB) was deﬁned as a wide-QRS
premature beat with a morphology different from normal sinus
beats and without a preceding P wave. Ventricular tachycardia (VT)
was deﬁned as four or more consecutive VPBs. VF was deﬁned as
disorganized electrical activity with no identiﬁed isolated QRS
waves. Alternans was deﬁned as at least a 10-ms difference in APD
at 80% repolarization (APD80) or 5% difference in Cai amplitude
between consecutive beats. Fast Fourier transform was used to
determine the frequency at each pixel during 4 s of VF. DF was
deﬁned as the largest spectral peak for each pixel. The DF maps
were constructed by plotting the DF of activation at different
mapped regions. These maps were also color coded to demonstrate
the distribution of DF during VF.
Continuous variables with normal distribution were expressed
as the mean  SD, and categorical variables were expressed as
number (percentage). Differences in continuous variables between
different zones of the same hearts with normal distribution were
analyzed by paired t-test. One-way repeated measures ANOVA with
post hoc LSD analysis was used to compare continuous variables at
different concentrations of KB-R7943 with baseline values. The
differences in categorical variables at different concentrations were
tested using Cochran’s Q test. A p value <0.05 was considered to be
statistically signiﬁcant.
Results
Of the 16 rabbits used in this study, we failed to obtain
appropriate optical mapping recording in 3, and therefore 9 MI and
4 control rabbits with successful recordings were included. The
mean infarct size was 23  8% of the left ventricle (n = 8).
Effects of KB-R7943 on VPB and ventricular arrhythmias in chronic MI
hearts
Eight of the 9 rabbit hearts had frequent VPBs at baseline
(9.33  3.55 beats/10 min). Fig. 1A shows examples of frequent VPBs
(the top subpanel) and an episode of spontaneous VT (the second
subpanel). Fig. 1B shows isochronal maps of a sinus beat (the left
subpanel) and a VPB (the right subpanel) which initiated from the
infarct border. The VPB burden was signiﬁcantly suppressed by
KB-R7943 in a dose-dependent manner (1.63  1.04, 0.88  0.60, and
Fig. 1. Effects of KB-R7943 on ventricular premature beats (VPBs), spontaneous ventricular tachycardia (VT)/ventricular ﬁbrillation (VF), and ventricular tachyarrhythmia
inducibility in hearts with chronic myocardial infarction. (A) Representative pseudo-electrocardiography (pECG) examples of VPBs (top subpanel, arrows indicate VPBs) and
an episode of spontaneous VT (second subpanel) at baseline, and pECG traces without VPBs (third subpanel) and an episode of extrastimulus-induced VF (bottom subpanel) in
the presence of KB-R7943. (B) Representative examples of isochrone maps of a sinus beat (left subpanel) and a VPB (right subpanel). The VPB was initiated from the peri-
infarct zone. (C) VPB burden was suppressed by KB-R7943 perfusion. (D) The spontaneous VT/VF burden was also suppressed by KB-R7943, but extra-stimulus inducibility of
VT/VF was signiﬁcantly enhanced in a dose-dependent manner (p = 0.02) (red asterisk indicates p < 0.05 between the particular concentration and baseline). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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respectively; Fig. 1C; p = 0.035). Post hoc analysis showed that the
VPBs were suppressed at all concentrations of KB-R7943 (p < 0.05 for
all comparisons between the baseline and various KB-R7943
concentrations). KB-R7943 inhibited the activity of the VPBs
(Fig. 1A, the third subpanel) but did not prevent pace-induced VF
(the bottom subpanels). Spontaneous VT/VF episodes were
recorded in 4 failing rabbit hearts at baseline and 0, 2, and 0 hearts
in the presence of 0.5, 1.0, and 5.0 mM of KB-R7943, respectively
(Fig. 1D, unﬁlled bars). There was a trend of KB-R7943 suppressing
spontaneous VT/VF (p = 0.06). However, KB-R7943 signiﬁcantly
increased extra-stimulus VT/VF inducibility in (1, 1, 2, and 5 hearts
at baseline and in the presence of 0.5, 1.0, and 5.0 mM of
KB-R7943, respectively) a dose-dependent manner (Fig. 1D, ﬁlled
bars, p = 0.02).
The mechanisms of extrastimulus-induced VF in chronic MI hearts
We further investigated the characteristics and mechanisms
of the induced VF episodes. Fig. 2 shows representative examples
of extrastimulus-induced and burst-pacing-induced VF episodes
in the presence of KB-R7943. Fig. 2A shows the schematic
illustration of the failing heart. The highest VF DF zone was
located at the peri-infarct area (Fig. 2B). Fig. 2C represents the
ﬁrst two beats of initiation of the episode of VF and the isochronal
maps reveal slow conduction with wave break over the particular
area with the highest DF. Wave break development was
correlated with spatially discordant alternans (Fig. 2D). Fig. 2E
shows examples of burst-pacing-induced VF in a failing rabbit
heart in the presence of various KB-R7943 concentrations. The
highest DF of VF was located at the peri-infarct zone. KB-R7943
did not alter the focal source pattern of VF, but decelerated the DF
of VF in a concentration-dependent manner. This phenomenon
was observed in all ﬁve failing rabbit hearts with extrastimulus-
induced VF.Fig. 3 shows another example of the initiation of extrastimulus-
induced VF in the presence of 5 mM of KB-R7943 (panels A and B
represent the pECG and Vm traces, respectively). Fig. 3C shows the
serial phase maps of the initiation of the VF episode. After a S1 train
and a S2 extrastimulus, wave breaks and reentry at the peri-infarct
zone developed, followed by VF. There was signiﬁcant conduction
block during the extrastimulus and reentry beats (frames 275, 309,
and 339). Phase singularity was also observed over the area
(frames 305, 311, 313, and 335). The area of wave breaks, reentry
and phase singularity coincided with the area of the highest DF of
VF.
Effects of KB-R7943 on APD alternans and Cai alternans in chronic MI
hearts
Fig. 4A shows an example of changes in APD and Cai alternans at
baseline and during KB-R7943 infusion. During a burst pacing cycle
length of 200-ms ventricular pacing, the heart developed spatial
discordant alternans, which was a long–short–long APD pattern
over the peri-infarct zone, and a short–long–short pattern over the
remote zone. The Cai maps show similar spatial discordant
patterns with large–small–large and small–large–small patterns
over the peri-infarct and remote zones. KB-R7943 did not suppress
the spatial discordant alternans patterns and also signiﬁcantly
enhanced both APD and Cai alternans. Repeated measures ANOVA
showed that KB-R7943 dose-dependently enhanced APD alternans
(19.4  5.7 ms, 21.3  7.2 ms, 34.4  20.2 ms, and 35.6  12.1 ms, in
the presence of KB-R7943 0, 0.5, 1.0, and 5.0 mM, respectively,
p = 0.033, Fig. 4C) and Cai alternans (0.08  0.03, 0.10  0.06,
0.13  0.04, and 0.14  0.06 in the presence of KB-R7943 0, 0.5,
1.0, and 5.0 mM, respectively, p = 0.001, Fig. 4D). Post hoc LSD analysis
showed that APD alternans magnitude was signiﬁcantly higher in
the presence of KB-R7943 5.0 mM than the baseline (p = 0.02), and
the ratio of Cai alternans magnitude was signiﬁcantly higher in the
presence of all KB-R7943 concentrations than the baseline.
Fig. 2. The association of ventricular ﬁbrillation (VF) in hearts with chronic myocardial infraction. (A) Schematic illustration of a representative heart. LAA, left atrium
appendage; LAD, left anterior descending coronary artery; OM, obtuse marginal branch; DF, dominant frequency. (B) In the presence of 5 mM of KB-R7943, the highest DF of
VF developed at the peri-infarct zone (yellow arrow). (C) A representative example of rotor during extra-stimulus pacing (S2), in which slow conduction was noted (left
subpanel) and phase singularity with rotor developed subsequently (curved arrow, right subpanel). (D) Spatially discordant alternans developed in the presence of 5 mM of
KB-R7943. The black arrows indicate the nodal line. (E) DF maps of VF in the presence of different concentrations of KB-R7943. In the presence of KB-R7943, DF values
decreased and there was a trend to a more homogenous distribution of DF. However, the highest DF zone was still located at the peri-infarct zone (site b). The highest DF area
during VF in panel B was consistent with the site with wave breaks and phase singularity in panel C and with nodal line of spatially discordant alternans in panel D. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 3. A representative example of extrastimulus-induced ventricular ﬁbrillation (VF) in the presence of KB-R7943 in hearts with chronic myocardial infarction. (A) The
pseudo-electrocardiography (pECG) trace and (B) the membrane potential (Vm) trace of the induced VF episode. (C) Phase maps of the induced VF episode. Arrowheads
indicate phase singularity sites. Red lines indicate conduction block sites. The numbers indicate the frame of each map. LA, left atrium. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Because Cai homeostasis is important in the generation of
arrhythmogenic alternans, and because it has been reported thatslow Cai decay is associated with spatial discordant alternans [14],
we further analyzed Cai delay (tau value) and its relationship to Cai
alternans. Fig. 4A (right panels) shows an example of Cai decay
changes, and that the tau value was prolonged in the presence of
Fig. 4. Effects of KB-R7943 on action potential duration (APD) and intracellular Ca2+ (Cai) alternans and Cai decay in chronic myocardial infarction (MI) and control hearts.
Representative Cai/APD traces, APD alternans maps, Cai alternans maps and Cai decay (tau value) maps at baseline and in the presence of KB-R7943 of a failing heart (panel A)
and a control heart (panel B). (C) APD alternans magnitudes and (D) Cai alternans magnitudes at baseline and in the presence of KB-R7943. (E) Summarized data show
signiﬁcant prolongation of Cai decay in the presence of KB-R7943. Red asterisk indicates p < 0.05 between the particular concentration and baseline. Vm, membrane potential;
LA, left atrium. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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and 74.2  19.6 ms at baseline and in the presence of 0.5, 1.0, and
5.0 mM of KB-R7943, respectively (Fig. 4E). Statistical analysis shows
a signiﬁcant increase of Cai decay in the presence of KB-R7943 in a
dose-dependent manner (p = 0.004).
Effects of KB-R7943 on conduction velocity in chronic MI hearts
Paired t-test showed that the baseline conduction velocity was
not signiﬁcant slower at peri-MI zones than at remote zones at all
pacing cycle lengths (Fig. 5A, p > 0.05 at all pacing cycle lengths).
Repeated measures ANOVA revealed that KB-R7943 caused
conduction delay in a dose-dependent manner at both peri-MI
and remote zones at all pacing cycle lengths (all p < 0.05). Post hoc
LSD test showed that there was signiﬁcant conduction delay atperi-MI zone at all pacing cycle lengths (p < 0.05 at all concentra-
tions to the baseline). However, at the remote zone, only high-dose
KB-R7943 (5 mM) caused signiﬁcant conduction delay (p < 0.05 at
all pacing cycle lengths in the presence of 5 mM KB-R7943 vs.
baseline). There was also a trend of more effect (the percentage of
conduction delay as compared to the baseline) of KB-R7943 on
conduction delay at the peri-MI zone than at the remote zone.
However, statistical analyses between the peri-MI and remote
zones showed the percentage of conduction delay was signiﬁcant
only during rapid pacing at the cycle length of 150 ms (34  7% vs.
21  8% conduction delay, p = 0.049). Fig. 5B shows a representative
example of conduction delay at the peri-MI zone and conduction
block followed by VF. Relatively slower conduction could be observed
at the peri-MI zone especially during 150 ms rapid pacing. KB-R7943
further enhanced the conduction delay. Conduction block (Fig. 5B,
Fig. 5. Effects of KB-R7943 on conduction velocity (CV) in chronic myocardial infarction (MI) and control hearts. (A) The effects of KB-R7943 on conduction velocity at peri-MI
and remote zones in MI hearts (n = 9) and in control ones (n = 4). (B) Representative examples of isochrone maps in chronic MI and control hearts. Conduction delay at the
peri-MI zone developed in the presence of 5.0 mM KB-R7943. The third subpanel shows the isochrone maps of the corresponding beats (beats A and B) during the initiation of
ventricular ﬁbrillation (VF). The fourth subpanel shows the membrane potential trace of this episode of pacing-induced VF. The bottom panels show the isochrones maps of a
control heart at baseline and in the presence of KB-R7943 5 mM. LA, left atrium.
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the initiation of VF (beat B).
Effects of KB-R7943 in control hearts
We also tested KB-R7943 effects using the same pacing
protocols in four control rabbit hearts. Extra-stimulus-induced
VF had neither been observed at baseline nor in the presence of KB-
R7943. During a burst pacing cycle length of 200-ms ventricular
pacing, the hearts did not develop signiﬁcant APD and Cai alternans
(Fig. 4C and D, p = 0.67 and 0.69, respectively). Cai decay was not
affected signiﬁcantly in the presence of KB-R7943 (Fig. 4E,
p = 0.34). Fig. 4B showed a representative example of a control
heart, in which there was no signiﬁcant APD and Cai alternans at
200-ms ventricular burst pacing, and also the Cai decay was not
affected signiﬁcantly in the presence of KB-R7943. Although KB-
R7943 still reduced the conduction velocity, the conduction delay
during rapid pacing was not statistically signiﬁcant (Fig. 5A,
bottom panel).
Discussion
The main ﬁndings of this study are that KB-R7943, a NCX
blocker, was effective in eliminating afterdepolarizations and
spontaneous VT/VF; however, in the presence of heterogeneous
myocardial substrates in this MI model, KB-R7943 increased
the inducibility of VT/VF, although the spontaneous development
of VT/VF was suppressed. The mechanism of the increasedinducibility of VT/VF probably involved increased susceptibility
of the myocardium with heterogeneous properties to develop
spatially discordant alternans. In addition, KB-R7943 enhanced the
conduction delay at shorter pacing cycles and reduced calcium
extrusion from the cytosol to prolong Cai decay, which contributed
to the development of spatially discordant alternans.
NCX blockade and ventricular tachyarrhythmias
KB-R7943, a NCX blocker, has been reported to suppress cardiac
arrhythmogenesis in ischemia-reperfusion [9], ouabain-induced
arrhythmia [7,10], and rapid-pacing atrial ﬁbrillation [8] models.
The anti-arrhythmic mechanisms of NCX blockade include reduced
delayed afterdepolarizations with inhibition of the reverse model
of NCX [15], and probably a myocardial protective effect with
blocking of energy-wasting processes [16]. However, other
investigators have reported that KB-R7943 did not suppress but
actually enhanced arrhythmogenesis in ischemia-reperfusion
[17,18], digitalis-induced arrhythmia [18], and rapid heart rate
[19] models. KB-R7943 has been reported to suppress arrhythmias
at low-frequency (1 Hz) pacing, but to become proarrhythmic at
high-frequency pacing (2 Hz) [20]. Another study found that low
(0.1 mM) and high (0.5 or 1 mM) doses of KB-R7943 had opposite
effects on heart protection [21].
In this study, we found contrasting effects of KB-R7943 on
arrhythmogenesis in the chronic MI model, in that there was
suppression of triggered activities and spontaneous VT/VF, but
increased inducibility of VT/VF. The underlying mechanism
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presence of KB-R7943. The heterogeneous tissue properties in
this chronic MI model provided arrhythmogenic substrates for the
development of wave breaks and reentry at peri-infarct zones. KB-
R7943 caused more conduction delay at peri-MI zones than at
remote zones, especially during rapid burst pacing. The enhanced
conduction delay at the peri-MI zones further increased substrate
heterogeneity. We also found that the enhanced alternans effect
was dose-dependent, and a higher dose of KB-R7943 contributed
to wave-breaks and reentry substrates for the development of
VT/VF during rapid ventricular pacing. The heterogeneously
arrhythmogenic substrates were not suppressed by KB-R7943.
Therefore, in the presence of a higher dose of KB-R7943, which
suppressed delayed afterdepolarizations, the highest DF of VF was
still located at the peri-infarct zones. These ﬁndings help to explain
the discrepancy in the effects of NCX inhibitors in previous studies,
where a higher dose of KB-R7943 [21] and faster pacing [20] were
associated with proarrhythmia.
NCX in Cai homeostasis and alternans
Chronic MI has been shown to be associated with altered Cai
homeostasis [22], increased susceptibility to spatially discordant
alternans [23], and increased arrhythmogenesis [24]. Previous
studies have indicated that chronic MI models have signiﬁcantly
reduced L-type calcium currents and channels and SERCA activity
[24–26]. The protein expression of NCX was up-regulated and
L-type calcium channel (DHP1a) and SERCA were down-regulated
in the chronic MI model [24]. Up-regulation of NCX in these models
not only compensated for the slower Ca2+ reuptake due to SERCA
down-regulation, but also played an important role in arrhyth-
mogenesis. Altered Cai homeostasis has also been reported to lead
to delayed Cai decay and to be associated with increased
susceptibility to alternans [27,28]. A delayed Cai decay leads to
a higher end-diastolic Cai during rapid heart rates. The higher end-
diastolic Cai of the ﬁrst beat might inhibit activation of L-type Ca
2+
channel through a calcium-dependent inactivation and also induce
less Ca2+ release from sarcoplasmic reticulum during the next beat,
leading to a smaller Cai amplitude of the second beat. The smaller
Cai amplitude of the second beat further leads to a larger Cai
amplitude of the third beat and so on.
Although up-regulation of NCX is associated with delayed
afterdepolarizations and arrhythmogenesis, it also plays an
important role in Cai homeostasis, especially at a faster heart
rate or rapid pacing. In this study, NCX plays an important role
in Cai decay in the presence of reduced expression of SERCA in
hearts with chronic MI, and NCX blockade prolonged Cai decay
more than in the control hearts. We induced spatially discordant
alternans with dynamic nodal lines over the peri-infarct zone.
KB-R7943 enhanced APD and Cai alternans during rapid pacing,
and also increased inducibility of VT/VF. These results imply
that NCX blockade with KB-R7943 attenuates the possible
protective effects of NCX on Cai homeostasis during rapid
pacing, and thus increases tachyarrhythmia inducibility. Our
previous study also indicated that NCX blockade with SEA0400
had contrasting effects, including suppressing VPBs and
enhancing arrhythmogenic alternans. Although both drugs are
not completely speciﬁc to NCX, the reproducible results support
the contrasting effects of NCX blockers rather than problems of
drug speciﬁcity. Therefore, the effects of NCX blockade on
arrhythmogenesis appear to be contrasting in this chronic MI
model: suppression of afterdepolarizations and enhancement of
arrhythmogenic alternans. These ﬁndings raise a clinical
concern of NCX blockade as anti-arrhythmic therapy, especially
in patients with MI or other entities with heterogeneous
myocardial properties.Limitations
There are several limitations to this study. KB-R7943 is not a
highly selective NCX blocker and it also has inhibitory effects on ICa,
INa, and IK1 [29]. However, ICa blockade does not account for the
prolonged Cai decay. Previous reports have shown that calcium
channel blockers (diltiazem and verapamil) attenuate alternans
[30,31]. Neither IK nor INa blockade has a direct effect on Cai decay.
Therefore, we believe that NCX blockade counts for the effects of
KB-R7943 on slowing calcium homeostasis.
Conclusions
In this chronic MI model, KB-R7943 had contrasting effects on
arrhythmogenesis: it suppresses afterdepolarizations and sponta-
neous VT/VF, but enhances the inducibility of VT/VF. The
mechanisms of the enhanced inducibility of VT/VF include reduced
calcium extrusion from the cytosol and prolonged Cai decay due to
NCX blockade contributes to the susceptibility of alternans,
combined with heterogeneous conduction delay and increased
susceptibility of the myocardium with heterogeneous properties
to develop spatially discordant alternans.
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